In order to study how visual categories are coded by the activities of single neurons, it is necessary to first demonstrate that the animal subjects can categorize the visual stimuli employed in the single-unit recordings. Thus, rhesus monkeys were trained in a visual categorization task designed to minimize rote learning of individual exemplars and to allow testing of transfer from old to novel exemplars of the category. The stimuli were presented during controlled fixation. The monkeys learned to distinguish complex colour images of trees from other objects and generalized from old to novel exemplars. An extensive series of tests with probe stimuli showed that simple form, colour and texture features had insufficient stimulus control to account for the categorization performance. Scrambling the images impaired categorization performance, suggesting that the configuration of stimulus components controlled the categorization. The animals also learned a fish/non-fish categorization, but more slowly than a tree/non-tree categorization. These results indicate that rhesus monkeys can learn to categorize socially neutral, complex, natural visual images and suggest that this categorization is based on a combination of low-level features.
Introduction
A particular object can produce highly disparate retinal images due to variations in the relative positions of the eye and the object, in illumination conditions and as a result of partial occlusion by other objects. Despite such variations in the properties of the retinal image of a particular object, primates are able to identify that object, implying that object recognition shows considerable invariance to these stimulus transformations. The degree of invariance required is much greater in the case of ordinate-level categorization (Rosch et al., 1976) , in which different objects (e.g. particular trees) are identified as belonging to the same category of objects (e.g. 'trees'), than in identifying a particular object (subordinate-level categorization). Indeed, images of individual objects (exemplars) of a category can differ to a larger extent in terms of visual features than different retinal images of one object. Furthermore, objects of different classes can share particular features (e.g. trees and cars can be green), indicating that categorization is based on a combination of features, i.e. that particular combinations of features are put into the same equivalence class. This paper presents a first attempt at investigating how the nervous system can be capable of generating the same response to images differing widely in features but belonging to the same equivalence class. Ordinate-level categorization is studied, as the level of abstraction involved in this categorization lies between the subordinate, identification of particular objects (e.g. discrimination between trees) and the highly abstract superordinate categorization (e.g. plants versus animals). The present paper is a behavioural study of ordinate-level categorization in the animal model I used, the rhesus monkey. In the companion paper, data will be presented on single recordings in the anterior temporal cortex of the same monkeys during the visual categorization. Herrnstein & Loveland (1964) pioneered the study of visual categorization behaviour in animals, particularly pigeons. Since then, many studies have shown that pigeons are able to categorize complex, visual images. Although well documented in avians, categorization of complex visual images is much less studied in monkeys. Most attempts at studying visual categorization in monkeys have used discriminations between images containing primates (people or monkeys) and images lacking primates (Schrier et al., 1984; Yoshikubo, 1985; Schrier & Brady, 1987; D'Amato & Van Sant, 1988) . However, given that non-human primates are highly social animals, persons or other monkeys are highly 'significant objects' for monkeys, and thus it may be expected that these stimuli are processed differently than other objects.
Studies in monkeys using socially neutral categories are rare. One study (Roberts & Mazmanian, 1988) showed that squirrel monkeys can learn the highly abstract, superordinate classification of animals versus non-animals. More recently, Fabre-Thorpe et al. (1998) obtained very good evidence for transfer from old to novel stimuli in superordinate categorization tasks in the rhesus monkey, both in the case of animals versus non-animals, and in food versus non-food categorizations. Roberts & Mazmanian (1988) also trained squirrel monkeys in the ordinate-level categorization of birds versus other animals. However, there was only a small degree of transfer from novel to old exemplars of the 'bird' category in that particular study. The poor categorization performance obtained in this study could be due to several factors, e.g. the monkey species used, the sort of images employed and their training procedure. Apart from the poor performance of the animals, the lack of eye movement control during stimulus presentation renders their method unsuitable for use in a single-cell recording study of categorization.
Because my aim was to measure the single-cell responses in macaque temporal cortex to complex, non-social visual stimuli during an ordinate-level categorization of these stimuli (see companion paper, Vogels, 1999) , I needed to show that these monkeys categorize the stimuli. The present report describes the visual categorization task I used, demonstrates the ordinate-level categorization ability of the rhesus monkey and examines the specific stimulus properties employed by the animals to categorize the stimuli. The present technique is different from those used in previous categorization studies in animals, as I used a fully automated, computer-controlled stimulus presentation at relatively high presentation rates. Furthermore, as is required for the single-cell study and unlike in all previous studies on categorization, stimuli were presented under controlled eye fixation conditions. Discriminanda consisted of colour images of trees and fish, versus colour images of other living and non-living objects with similar physical attributes. The tree category is highly suited to studying categorization (see Herrnstein, 1976 for related work in the pigeon). It is a typical natural, 'ill-defined' (Neisser, 1967) , perceptual category consisting of exemplars that differ sufficiently in visual features, e.g. colour, shape and texture. It is a socially neutral category, lacking the social significance of faces or primates. To test the generality of the categorization ability, monkeys were trained in the categorization task of another ordinate class, i.e. 'fish' versus 'non-fish'. Having trained the animals in categorizing these natural images, we determined which features controlled the categorization by measuring performance in a series of probe tests in which various aspects of the stimuli were systematically manipulated.
Parts of the present results have appeared in abstract form (Vogels, 1994) .
Materials and methods

Subjects
Two juvenile male rhesus monkeys (Macaca mulatta), Plato and Kees served as subjects. Plato and Kees had no prior experience with real trees or fish. Before training was started, we attached a stainless steel pin to the skull of each monkey and implanted a scleral search coil in one eye, using standard surgical techniques (Judge et al., 1980; Vogels & Orban, 1990) under full anaesthesia (with Nembutal, 30 mg/ kg, after sedation with Ketamine, 10 mg/kg) and sterile conditions. The monkeys worked for liquid rewards (apple juice) until satiation, after water-deprivation for 20 h, in daily sessions. All procedures conform to those outlined by NIH.
Apparatus
Eye movements were measured using a DNI Magnetic Search coil system (DNI, Newark, DE, USA) eye movement monitor system. The analogue eye position signals were fed into a PC (sampling rate 200 Hz) and displayed X/Y coordinates on a monitor in real time. The same PC ran the experimental protocol, stored the behavioural data and controlled juice delivery. The colour stimuli were displayed on a 21 inch Phillips computer screen (resolution: 1024 ϫ 768; refresh rate: 74 Hz) using a TIGA video card (Texas instruments, Dallas, TX, USA). The distance from the subject to the screen measured 58 cm. The experimenter and PC were in a room adjoining the monkey chamber. The background illumination in this chamber was 0.01 cd/m 2 .
Eye movement position was checked by means of electronic rectangular windows set around the fixation and target spots. The square fixation window measured 2°on a side. 
Stimuli
Three sets of stimuli were used in subsequent stages of the experiments. 1 Before the categorization was learned, i.e. during the pretraining phase, animals were extensively trained in the discrimination of images of geometrical nonsense shapes of different colours as well as scanned pictures of objects. We did not use these stimuli again in the tree/fish category learning experiments, and none was similar to trees or fish.
2 Stimuli in the categorization tasks consisted of colour images of trees, fish and other artificial and natural objects. These stimuli were obtained by scanning pictures from magazines, advertisements, natural history books, etc. Only one tree or fish was present in the image. The tree or fish images, as a whole, did not differ systematically from the non-trees and non-fish stimuli in a particular colour, form or texture pattern, because: (i) there was a large variation in the form, texture and colour of exemplars of the tree and fish categories (e.g. images of trees with green leaves, as well as trees with red, brown or snow-covered leaves, etc.); and (ii) some of the non-tree or nonfish stimuli resembled particular trees or fish in their shape, texture or colour. The backgrounds in the tree images consisted of either whitish surfaces (55% of the images) or natural backgrounds, e.g. grass or sky (45% of tree images). Forty-one per cent of the non-tree images had a whitish or sky background, so that the background itself could not be used as a cue to categorize the stimuli. The backgrounds of the fish and non-fish were highly variable. Table 1 shows that the images of the tree category (n ϭ 204) were similar to non-trees (n ϭ 206) in average size and mean luminance. The same holds true for the fish (n ϭ 163) and non-fish (n ϭ 162) stimuli. Examples of the stimuli are shown in Figs 1 (trees and non-trees) and 2 (fish and non-fish). 3 A third set of stimuli consisted of images created to determine which cues were used in the categorical discrimination. These probe images will be described below.
Task
The task of the animals was designed as follows. The onset of a trial was marked by the onset of a red spot (Fig. 3) which the animal had to fixate. After 1000 ms of fixation, a stimulus, centred on the spot, was presented, together with two target spots. The target spots always appeared in the same positions: for the tree/non-tree discrimination, 11°to the left and right of the fixation spot, and 11°to the left and above the fixation spot for the fish experiment. Fixation and target spot diameters were 0.2°and 0.4°, respectively. In the tree/non-tree discrimination, the subject was required to make a saccadic eye movement to the right-or left-hand target to indicate a tree or nontree stimulus, respectively. In the fish/non-fish discrimination, operants consisted of upward saccades (fish) and leftward saccades (non-fish). Correct responses were immediately rewarded with a drop of apple The monkey has to make a saccade to the right-hand target spot (arrow) on presentation of the tree stimulus and a leftward saccade on presentation of the non-tree stimulus, as indicated in the right panels. In the case of the fish categorization task, the target spots were presented above (fish) or to the left (non-fish) of the stimulus. juice using a continuous reinforcement schedule. Incorrect responses were followed by a time-out of 3 s. If the subject broke off fixation before or during stimulus presentation without making a saccade to a target spot, the trial was aborted and not rewarded. The stimulus and target spots were turned off as the eye trace entered a target window, or, in the case of aborted trials, 100 ms after leaving the fixation window. If the monkey had not left the fixation window within 2500 ms after stimulus onset, an extremely rare event, the stimulus was turned off and the intertrial interval started. The intertrial interval was 2 s.
Aborted trials (2 and 8% of all trials/session for Plato and Kees, respectively) were regarded as invalid trials, and only the unaborted, completed trials were used to increment the number of trials/stimulus and compute the performance scores. 
Training procedure
Pretraining
After full recovery from the surgery, monkeys were trained to work with their head fixed, to hold fixation of the fixation point and make saccades to a single target spot presented either to the left or right of the fixation spot; this training lasted for µ 1 week. Next, training was initiated in two-choice discrimination between a pair of stimuli. In a single trial, one stimulus of the pair was presented together with its correct target spot. The other target spot was not presented so that the monkey made the 'correct' response spontaneously. Trials with each stimulus of a given pair were randomly interleaved. In some trials, the two target spots were presented simultaneously and the monkey could respond correctly using the stimulus information. The proportion of these 'two-target' trials was gradually increased to 100%. Training for a particular stimulus pair was continued until the monkey performed above 90% correct in one block of 50 trials consisting entirely of the two-target condition. After learning a number of stimulus pairs with this procedure, the ensuing pairs were learned with immediate simultaneous presentation of the two target spots. The purpose of this extensive pretraining, which lasted µ 4 months, was to establish a learning-set of the basic task: the animals learned that some images required a leftward saccade to produce a reward upon presentation of the image; while others required a rightward saccade.
Categorical discrimination: trees
The animals started with the tree versus non-tree categorization. In the five initial training sessions we presented 20 tree and 20 non-tree stimuli within blocks of 80 trials. The order of the stimuli was pseudorandomized within each block using the restriction that maximally four tree or four non-tree stimuli could be presented consecutively. The latter rule, which was also used in the pretraining sessions, prevented the occurrence of a response bias. In the first session, trials with one or two target spots were interleaved, each having an equal chance of occurrence. In subsequent sessions, two target spots were presented in all trials.
Because the total number of trials in a session was smaller than 600, each of the 40 stimuli was presented no more than 15 times in a single session. The results of the pretraining indicate that this number is much too low to acquire a single image-response association, thus avoiding the possibility that the subject learned to associate individual stimuli with a particular response (i.e. rote learning). Some stimuli within a given session had been presented in a preceding session (old stimuli), while others, usually half, were novel (novel stimuli), reducing the chance of rote learning by increasing the number of stimuli to be learned and making it possible to test for transfer as early as the second training session. In later sessions, up to 60 stimuli were presented, of which no more than 30 were novel.
The monkeys were trained once a day on consecutive weekdays.
Probe trials: trees
To determine which cues the animal used, the performance was tested using probe stimuli in which various aspects of the images were varied. These were created using commercially available software (Photofinish). Four classes of probe images were tested.
1 The sufficiency and/or necessity of colour, form or texture cues for the categorization was tested by either eliminating colour altogether or presenting the cue in isolation. Thus, the contribution of colour was determined by presenting achromatic (grey-level) rendered tree (five different images) and non-tree images (n ϭ 5). The sufficiency of form information was tested by measuring the categorization of images consisting of outlines of tree (n ϭ 5) or non-trees (n ϭ 5) on a whitish background (Fig. 4) , and of colour-inverted images of trees (n ϭ 5; Fig. 4 ) and non-trees (n ϭ 5). In the latter images, the colour of each pixel is inverted as in a photographic colour negative. The colour inversion preserves the global shape, while colour and, to some degree, texture are affected. The contribution of texture was measured by using images uniformly filled with the textures of the twigs (n ϭ 5; 2 Trees differ typically from non-trees by having textured margins and trunks. To determine whether the tree margins serve as a cue for the categorization, hybrid tree/non-tree images (n ϭ 10) were created by embedding a non-tree inside a tree, leaving the tree margin intact (Fig. 4) . These images (n ϭ 10) were only tested with Kees.
Many trees have a trunk, and its contribution to the categorization was assessed by presenting images (n ϭ 5) consisting of a trunk only, with the upper part of the tree covered by the image background. In the same session, five probe images of non-trees of which the upper part was deleted were also presented, making the number of treeand non-tree-derived probe images equal within a session. 3 In order to determine whether configurational cues are necessary for categorization, scrambled images were created by dividing images of trees and non-trees into rectangular blocks of equal size which were then randomly repositioned. The number of rectangles varied from 0 (original image) to 1024 (see Fig. 5 for an example). Such scrambling does not affect mean luminance, colour, contrast, local form or local texture, but destroys the relationship of the image components (i.e. global shape) and impairs recognition of the object. 4 The 'breadth' of the learned tree category was tested by presenting colour images of flowers (n ϭ 5), ferns (n ϭ 5) and coral (n ϭ 5).
The probe tests were started after 17 (8034 trials) and 10 (4009 trials) training sessions in Plato and Kees, respectively. The animal was rewarded in the probe trials regardless of the response made. This non-differential reinforcement for 'correct' and 'incorrect' performance in the probe trials prevents explicit training of the 'correct' choice (Wasserman et al., 1993 (Wasserman et al., , 1996 .
Two different testing procedures were employed, one for the scrambled images and one for all the other probe images. In the latter (standard) procedure, 10 of the probe images were presented interleaved with 35 tree and 35 non-tree images in daily sessions consisting of several blocks of 160 trials (two trials/stimulus per block). Ten of the tree and non-tree images in such a session were novel. For the tree and non-tree stimuli, only the correct responses were rewarded, except in some sessions in which, as a control, responses to novel tree and non-tree images were rewarded independently of the correctness of the responses, i.e. as in probe trials. The effect of image scrambling was tested as follows: in each session, the six scrambled versions of four different images (two trees and two non-trees) were presented together with eight trees and eight non-trees. Each scrambled image was presented at least five times in a single session, and as for other probe images, non-differentially rewarded.
Categorical discrimination: fish An initial attempt was made to train Plato using the same procedure as for the trees, with the right target spot now associated with fish stimuli. However, he persisted in categorizing the fish as non-fish (i.e. non-tree stimuli), so that we introduced a third target spot for the fish stimuli. Thus, training proceeded as in the pretraining sessions, but now utilized target spots positioned above and to the left of the fixation spot. After 15 such training sessions, the fish and nonfish categorical discrimination training was started using the same procedure as for the tree discrimination.
After completing the tree experiments, Kees was immediately trained in the discrimination of stimulus pairs using the overhead target spot (12 sessions), followed by the categorical discrimination of fish versus non-fish stimuli. For both monkeys, the non-fish differed from the non-trees in order to avoid the animal learning to discriminate © 1999 European Neuroscience Association, European Journal of Neuroscience, 11, 1223-1238 novel fish on the basis of familiarity with non-tree images instead of categorically discriminating fish.
After mastering the categorical discrimination of fish/non-fish, we tested the monkeys with two types of probe stimuli, using the standard procedure described for the tree experiments. (i) Because all fish have eyes and all non-fish (except animals) were eyeless, five fish images with the eye erased and five non-fish stimuli to which a fish eye had been added were presented as probe images in a single session.
(ii) The contribution of typical fish cues, e.g. scales and fins, was tested by a series of images in which fish cues were progressively added (Fig. 6) . Because most fish are elongated in shape, we presented images consisting of a horizontal (three images) or vertical bar (three images), each of a unique, uniform colour (see, e.g. Fig. 6A ). In an additional session, the colour was replaced with actual fish scale patterns (Fig. 6B) . In three later sessions, fins (Fig. 6C ), a tail (Fig.  6D ) and a head (Fig. 6E) were successively added.
Statistical data analysis
Proportions of correct responses and reaction times were analysed for the unaborted trials only, i.e. for those trials in which the monkey made a tree (fish) or non-tree (non-fish) response. The proportions of tree (fish) or non-tree (non-fish) choices and reaction times were measured in blocks of two trials/stimulus.
The performance score on novel stimuli is a measure of the degree of generalization to novel exemplars. Because the performance was measured in blocks of two trials/stimulus and the performance in the first trial of a novel stimulus was not saved separately, the following statistical test was developed to test for transfer from old to novel exemplars. The null hypothesis is that there is no transfer, i.e. performance on the first presentation of novel stimuli, p1, is 50% correct. For the second presentation of a novel stimulus one can assume either perfect learning (100% correct) or, more realistically, a performance, p2, at least as high as that in the following two presentations of the stimulus. Under the null hypothesis, i.e. no transfer, the distribution of the mean proportion of correct responses on the first two presentations will, as a linear combination of two binomial distributions, have an expected mean of (p1 ϩ p2)/2 and a variance of
where n is the number of novel stimuli tested (Garcia, 1988) . Because n was large, a Gaussian distribution having these parameters can be used as an approximation of the sum of the binomial distributions (Garcia, 1988) , and thus one can test whether the observed mean proportion of correct responses on the first two presentations is statistically larger than the mean expected if no transfer occurs.
Results
Pretraining
Plato and Kees required a median of 575 and 225 trials, respectively, to reach a 90% correct criterion for the last 10 stimulus pairs of the pretraining. The proportion of correct responses in the first 50 trials of these last 10 pairs averaged 64% (SD ϭ 13) and 58% (SD ϭ 12) for Plato and Kees, respectively, indicating that on average, more than 25 trials/stimulus were necessary to discriminate two images with at least 80% correct responses.
Learning categorical discrimination: tree versus non-tree Figure 7 plots the proportion of correct trials for the initial five sessions and the cumulative number of different stimuli presented in previous sessions. Note that in session 1, trials with one or two target spots were interleaved, so that only sessions 2-5 can be compared. The monkeys performed above (Plato) or close to (Kees) 90% correct in the third session, indicating that they were able to discriminate tree from non-tree stimuli. Also, performance levels were similar for 'old' and 'new' stimuli.
The high level of performance for the 'new' stimuli, as shown in Fig. 7 , is not merely due to rapid learning of the 'new' stimuli within the session. This can be shown by analysing the performance in the initial presentations of a novel stimulus. The average proportion of correct responses and 95% confidence intervals for the first two (unaborted) presentations of novel stimuli are shown in Fig. 8 for the third session, i.e. the first session in which the subjects performed close to 90% correct and thus had learned the problem (Plato and Kees had 2% and 18% aborted trials, respectively, in this block). The figure shows that the performance in the initial presentations of the novel and old stimuli are not statistically different, indicating that the monkeys responded equally well to novel and familiar stimuli. The performance in these first two presentations of novel stimuli was significantly better than the 75% correct predicted if there was no transfer in the first presentation (50%) and perfect performance in the second presentation (100%). It should be noted that both animals showed excellent stimulus generalization in the third session despite exposure to only about 60 stimuli, half of which were trees, in previous sessions (see Fig. 7C,D) . Table 2 shows the mean and standard errors of the proportion of correct responses (averaged over stimuli) for the initial two stimulus presentations in all sessions containing novel stimuli before the probe trials were introduced (excluding the first session). Plato performed significantly less well on novel than old stimuli (binomial test; P Ͻ 0.05), while Kees showed no significant difference. Nevertheless, the mean performance for these novel stimuli was still 88% correct in all animals. This mean proportion of correct responses for the first two presentations of novel stimuli differed significantly from that expected (72.5%) if: (i) there was no transfer (p1: 50%; see Materials and methods); and (ii) reached 95% (p2) correct on the second presentation. This expected mean is to some extent an overestimation, however, as performance in the third and fourth presentation were below 95% in each monkey. Using the statistics explained in the Materials and methods section, the null hypothesis of no transfer could be rejected at the P Ͻ 0.00001 level because the observed and expected mean differed by more than 7 SEs in both animals. Several non-tree images have backgrounds different from the backgrounds of the trees, which might explain this excellent categorization performance. However, restricting the analysis to those novel non-tree images having a background similar to that of novel tree images and to all novel tree images, results in a mean proportion of correct responses in the first two trials of 87% (n ϭ 278 images) and 88% (n ϭ 245) for Plato and Kees, respectively, indicating categorization of novel images even having similar backgrounds.
The average reaction times of the monkeys for the two initial stimulus presentations in the sessions before the probe trials were © 1999 European Neuroscience Association, European Journal of Neuroscience, 11, 1223-1238 introduced (excluding the first session) are listed in Table 3 . Plato (mean: 272 ms) responded faster than Kees (mean: 305 ms). The reaction time for tree images (mean: 285 ms) was significantly longer than for non-tree images (mean: 258 ms; two-tailed t-test, P Ͻ 0.001) in Plato, while the opposite was the case for Kees (tree images: 299 ms; non-tree images: 312 ms; P Ͻ 0.05). Both monkeys responded on average faster to old stimuli than to novel stimuli (Table 3) . This difference in mean reaction time was statistically significant in each animal (two-tailed t-test, P Ͻ 0.005 in each animal) for the tree images, the non-tree images and both types of stimuli combined. When only those stimulus presentations in which the animal scored 100% correct in these first two trials/stimulus were taken into account, the average reaction time was still significantly longer for the novel (Plato: 287 ms; Kees: 306 ms) than the old images (Plato: 260 ms; Kees: 290 ms). It should be noted that although they responded, on average, somewhat later for novel than old stimuli, both monkeys could categorize the novel stimuli with a high success rate (see above).
Cues controlling tree categorization: probe test results
Contribution of colour, form and texture features
To determine which cues the animal was utilizing in this categorization, we measured responses to probe stimuli in which one of those cues was manipulated. Table 4 shows the proportion of 'correct' responses separately for tree and non-tree probe stimuli, and the average proportion of correct responses averaged for tree and nontree probe stimuli, if both were available. Also shown is the performance for normal novel trees and non-trees presented in probe trials (listed as controls in Table 4 ), which can be used as a reference with respect to manipulated probe stimuli to control for factors such as stimulus novelty or response biases. Only one animal showed a slight but statistically significant bias (binomial test; P Ͻ 0.05) for non-tree stimuli in these controls. Statistically significant differences between these control values and the performance for the manipulated tree and non-tree probe images are marked in Table 4 .
The results show that colour is not a necessary cue, given the excellent performance with achromatic rendering of the images. Form alone is insufficient as a discriminative feature because probe stimuli in which only the outline of the tree or non-tree was shown or in which the colours were inverted preserving stimulus shape yield nearchance performance. Neither is texture a sufficient cue. Stimuli consisting of typical tree textures (twigs or leaves) were categorized as trees in only 24% of the cases (mean of both subjects), much less than the 90% of real trees correctly identified in probe tests. Also, categorization of geometrical shapes filled with tree or non-tree textures (labelled Txt. Fig. in Table 4 ) was poor (mean of the subjects 61%). On the other hand, texture provided some degree of stimulus control in Plato: he was significantly more likely to categorize twig textures as trees than Kees, showing generalization for about half of these patterns.
Contribution of tree parts: tree margins and trunks
Images in which a non-tree was embedded in a tree were categorized as non-trees (Table 4) , despite the presence of these typical tree margins. Thus, tree margins did not control the categorization. Plato categorized trunks as trees in a statistically significant 40% of the cases (Table 4) . Although the latter performance is still significantly below the 90% correct obtained for complete trees, it shows that these components exerted some stimulus control in this subject. The other monkey categorized the trunk images as non-trees. 
Stimulus configuration: image scrambling
Objects in the images presented comprise several components in a particular configuration. If overall stimulus configuration is necessary for categorization, rather than isolated cues, e.g. colour or local texture and form, performance should degrade with increasing degrees of scrambling. Figure 9 plots the proportion of correct responses for the tree and non-tree images, and the average for both image types. The number of scrambled images tested per animal is shown in the inset of the figure. Scrambling produced a marked effect in both animals: even scrambling only four segments significantly affects performance (t-test; P Ͻ 0.05). Note that both animals classified scrambled images as non-trees. However, there is a tendency to classify 1024-segment images (trees and non-trees) as a tree, which might be related to a texture cue which predominates in highly scrambled images. This view is supported by the fact that the tendency was most pronounced in Plato, who has been shown by other probe tests to have a predeliction towards stimulus control by texture cues (Table 4) . This effect also indicates that the overall decrease in tree responses to scrambled images is not merely a result of the novelty of the scrambled images, because the 1024-segment image is no less novel than the four-or 16-segment images. These results confirm that colour, local shape or local texture are not sufficient cues, and also show that variations in luminance between the images cannot explain the categorization, because stimulus luminance is unaffected by scrambling.
Width of tree category
We also tested for generalization to tree-like stimuli, e.g. images of flowers, ferns and corals. The results, shown in Table 5 , indicate that, except for the ferns in the case of one animal, generalization to these exemplars was significantly lower (binomial test; P Ͻ 0.05) than for novel trees presented in the same sessions. Although there was some degree of generalization to other plants, the results indicate that they were discriminated from trees. These results show that the animals did not simply learn a plant/not-plant discrimination. (2) 71 (3) 81 (2) 82 (3) 82 (2) 76 (2) Old T, old tree images; New T, new tree images; Old NT, old non-tree images; New NT, new non-tree images; Old F, old fish images; New F, new fish images; old NF, old non-fish images; New NF, new non-fish stimuli; Old, old tree (fish) and non-tree (non-fish) images combined; New, new tree (fish) and non-tree (non-fish) images combined. Pc, proportion of correct responses (SEs in parentheses); n, number of observations (first two trials/stimulus of a session). *Significant difference in the proportion of correct responses between old and new images (binomial test; P Ͻ 0. 05). Old T, old tree images; New T, new tree images; Old NT, old non-tree images; New NT, new non-tree images; Old F, old fish images; New F, new fish images; old NF, old non-fish images; New NF, new non-fish stimuli; Old, old tree (fish) and non-tree (non-fish) images combined; New, new tree (fish) and non-tree (non-fish) images combined. Mean, mean response latency (SDs in parentheses); n, number of observations.
Error analysis of tree categorization
Not all novel tree or non-tree images were categorized correctly upon first presentation. In order to know whether these erroneously classified images were in some way distinct from the others, I selected those stimuli for which the monkey made more than 75% errors in the session in which these stimuli were first presented. After excluding (4) 91 (3) 90 (3) 91 (2) 97 (1) 94 (1) *Proportion of tree choices for Tree probe images (T) and proportion of nontree choices for Non-Tree probe images (NT). M, proportion of correct responses averaged for trees and non-tree probe images. These averages are given only for those manipulations for which both tree and non-tree probe images were presented. SEs are given in parentheses. Control, untransformed tree and non-tree images. Txt. the very first training session, 11 tree stimuli remained in each of the monkeys which fulfilled this criterion. Three of the tree stimuli were incorrectly classified by both monkeys. Figure 10 shows these three stimuli as well as some of the other misclassified tree stimuli. For Plato, four of the 11 stimuli were pine trees with a short trunk (two of these are shown in Fig. 10 ), while the others were more atypical trees. Other pine trees were classified correctly by Plato. For Kees, most of the incorrectly categorized trees were atypical or without leaves. Only two of the 11 stimuli erroneously classified by Kees were trees of normal appearance. It should be stressed that other leafless or atypical trees were categorized correctly by this monkey. Only one non-tree stimulus, a piece of sculpture (Fig. 10) , was misclassified, using the same criterion, by one monkey (Plato).
Categorical discrimination of fish versus non-fish
More sessions were required to learn the fish categorization than had been required for the tree categorization (Fig. 11) . In the case of the fish/non-fish categorization, learning was slow and more erratic, especially for subject Kees. However, both animals eventually learned to discriminate fish from non-fish, but only after exposure to a larger variety of stimuli than needed for the tree/non-tree discrimination (compare cumulative stimulus frequency distributions of Figs 7 and 11). Performance for novel stimuli was usually significantly lower than for the old stimuli, especially for Kees (see Fig. 11 ). Nonetheless, both animals showed significant transfer during the first two presentations of all novel stimuli ( Table 2 ). The average proportion of correct responses for these presentations was 77% and 76% for Plato and Kees, respectively. Because their performance on the third and fourth presentation was below 85%, their expected mean performance, assuming no transfer, would be at most 67.5% ((50 ϩ 85)/2). Using the statistics developed in Materials and method (with p1 ϭ 50 and p2 ϭ 85), the observed proportion of correct responses in each FIG. 9 . Effect of stimulus scrambling on the categorization performance. The mean proportions of correct responses are shown for tree (full line), non-tree (stippled line) and both types of stimuli (mean; dotted line) as a function of the number of scrambled parts (see Fig. 5 ) for each of the two animals. SEs, when larger than symbols, as well as the number of scrambled stimuli, are indicated. (4) 88 (4) Values are the proportion (%) of Tree choices (SEs in parentheses). *Proportion of tree choices significantly different (binomial test P Ͻ 0.05) from performance on novel tree images (Trees).
monkey was 4 SEs of the mean greater than that predicted if there was no transfer, corresponding to a significance level of P Ͻ 0.0001. The reaction times of the monkeys for the initial two stimulus presentations are listed in Table 3 . As for the tree images, Plato (mean: 241 ms) responded faster than Kees (mean: 272 ms). Also note that these reaction times of the fish categorization are shorter than those for the tree categorization listed in Table 3 , which is most likely to be due to the amount of practice the monkeys received in the categorization task before starting the fish categorization (tree categorization and 'tree' probe tests). Indeed, the mean reaction times in the last two probe sessions of the tree categorization were 236 ms and 262 ms in Plato and Kees, respectively, which are shorter than those observed before the start of the probe tests (Table 3) . In each animal, the average reaction time for fish images (Plato: 237 ms; Kees: 266 ms) was shorter than for non-fish images (Plato: 245 ms; © 1999 European Neuroscience Association, European Journal of Neuroscience, 11, [1223] [1224] [1225] [1226] [1227] [1228] [1229] [1230] [1231] [1232] [1233] [1234] [1235] [1236] [1237] [1238] Kees: 277 ms), but this difference was statistically significant in Plato only (two-tailed t-test, P Ͻ 0.01). As for the tree categorization, each animal responded on average significantly faster to old stimuli than to novel stimuli, and this difference remained significant (two-tailed t-test, P Ͻ 0.01 in each animal) when analysing only those two trials/ stimulus in which the animal scored 100% correct (novel images: Plato: 244 ms, Kees: 290 ms; old images: Plato: 234 ms, Kees: 254 ms).
Cues controlling fish categorization: probe test results
The presence or absence of an eye in the non-fish and fish stimuli, respectively, did not affect the performance in probe trials: Plato and Kees categorized these probe images with a score of 100% and 99% correct, respectively. This result indicates that the presence of an eye is not a critical cue for the categorical discrimination.
The results of the probe trial sessions in which fish cues, e.g. scales, fins, etc. were progressively added to uniformly coloured bars (see Materials and methods, and Fig. 6 ) are shown in Table 6 for each subject. The proportion of trials in which these images were categorized as fish is indicated as well as responses to the novel fish in these sessions serving as controls for comparison with probe stimuli. The coloured bars were categorized as non-fish by both animals. Adding additional fish-like features increased the proportion of horizontally orientated patterns categorized as fish in both subjects. For the vertically orientated patterns, results differed: Kees categorized all vertical stimuli as non-fish, while orientation had much less effect upon Plato. Note that the artificial, horizontal fish-like images possessing scales, fins, tails and heads, were categorized as fish significantly less often than real fish were by Plato but not Kees. For the other probe stimuli, performance was significantly lower than control performance for novel fish in both subjects. These results indicate that the fish categorization is based on high-level form features.
Error analysis of fish categorization
Using the same 75% error criterion as for the tree stimuli, three and 19 novel fish stimuli were erroneously classified by Plato and Kees, respectively. One of these fish stimuli was misclassified by both monkeys. For Kees, in 6/19 of the misclassified stimuli, the fish were orientated vertically or obliquely. Given the difficulty this monkey demonstrated with vertically orientated, artificially created probe stimuli (see above), it is likely that it is the orientation that is causing the low performance for these six stimuli.
Using the same error criterion, 14 and 10 non-fish stimuli were misclassified by Plato and Kees, respectively. Many of these stimuli were similar in shape to that of fish. However, no property distinguishing these stimuli from correctly classified non-fish could be found.
Discussion
Rhesus monkeys were trained in two categorical discrimination tasks using complex images as stimuli. The two animals learned relatively quickly to discriminate exemplars of different trees from exemplars of non-tree objects, and generalized fairly well to novel exemplars of this category. Behavioural tests showed that the categorical discrimination was not based on a single early level feature, and that the discrimination was rather specific for tree images. The same monkeys were also trained to discriminate fish exemplars from nonfish. However, learning progressed more slowly than in the case of the tree stimuli, and transfer to new images was inferior to that for FIG. 10 . Black-and-white reproduction of erroneously classified tree and non-tree images. The two pine trees (upper left; one has a brownish colour, the other green) were classified as non-trees by Plato.
The three trees marked by 'x' were incorrectly categorized by both monkeys. The sculpture on the lower right was classified as a tree by Plato. trees. Further testing showed that fish categorical discrimination required at least high-level form features.
Categorization versus learning of individual exemplars
Several observations indicate that the subjects' performance was not merely the result of rote learning. First, for both tree and fish categorization, the performance for novel stimuli in the initial presentations was significantly greater than expected if there was no stimulus transfer. The minimal degree of transfer in the first presentation of a novel stimulus can be estimated from the performance in the initial two presentations of those stimuli. Indeed, because the proportion of correct responses in the first two presentations of the tree images was on average 88% in the two animals (Table 2) , the performance in the first presentation should have been at least 76%. This calculation assumes an average performance level of 100% correct in the second stimulus presentation, which is unrealistic. A more valid estimate of the maximal, average performance level in the second presentation is the average score for the old images, which leads to estimates of the minimal level of the degree of transfer of 82% and 88% in Plato and Kees, respectively. The fairly good categorization performance in the probe trials in which novel tree and non-tree images were presented (Table 4 ) also points to the high degree of transfer from old to novel images in the tree categorization. The performance level for novel stimuli in the fish categorization was lower than for the tree categorization ( Values are the proportion (%) of 'fish' choices for stimuli (A-E) as shown in Fig. 6 . SEs are given in parentheses. *Proportion of fish choices significantly different (binomial test; P Ͻ 0.05) from performance for novel fish stimuli (Fish). † Significant difference (binomial test; P Ͻ 0.05) in performance between horizontally (H) and vertically (V) orientated images.
Kees, respectively. These minimal values very likely underestimate the real degree of transfer in the fish categorization, given the greater performance to novel fish images in probe trials (Table 5) . Secondly, average performance in the first 50 trials of the singlepair discrimination task was only 59% correct. In contrast, the animals learned to discriminate tree and non-tree stimuli at the 90% level in fewer trials per stimulus. In fact, the monkeys received only 30 presentations of those trees common in sessions 1 and 2 at the start of session 3, the session in which they categorized novel trees at 90% correct. The rapid acquisition of the categorical discrimination of the tree images suggests that the monkeys did not merely learn to recognize individual stimuli independently, but that information from the different tree images was integrated or abstracted.
The longer average response latencies for the novel compared to the old stimuli indicate that the monkeys could discriminate at least some novel from old stimuli, and thus different exemplars of the same category. These longer reaction times for novel compared to previously presented stimuli may reflect the tendency to inspect novel stimuli for a longer duration than more familiar stimuli. It should be stressed that although, on average, the novel tree images were inspected on average longer than familiar tree images, both monkeys were able to categorize the novel images with a high success rate (see above).
The tree categorization was learned more quickly and more accurately than the fish categorization. At least part of the difficulty with the fish categorization could be due to interference from the previously learned tree categorization. However, interference is an unlikely explanation for the poorer stimulus generalization for the fish exemplars. The categorization performance for novel fish was usually lower than for old fish, suggesting that part of the performance in the case of the fish stimuli was based on learning single exemplars, although the significant degree of transfer from old to novel fish stimuli shows that this rote learning is not the only process involved. It is possible but highly unlikely that a genetic predisposition favours categorization of the ecologically significant tree stimuli (these monkeys had never been exposed to real trees). A more likely explanation of the difference in the categorization learning rate for the two classes of stimuli is based on differences in within-category stimulus similarity, the latter being smaller for the fish than for the tree images.
Features involved in categorization
Our tree or fish stimuli varied greatly in colour or form, and care was taken that the non-tree and non-fish stimuli shared features with the tree and fish images. Furthermore, the results with the probe images demonstrated that the tree discrimination was not based on a single low-level colour, form or texture feature. What then did these animals learn to respond to in the tree categorization task? Detailed analysis of the errors made in the probe trials indicates that for each monkey no single feature, but at the least, feature combinations are required to explain the tree-non-tree categorization. A possible candidate of such a higher-order cue is a texture-containing region, against a lighter background. In order to be classified as 'tree', the borders of the region cannot consist of straight edges given the low performance for the texture-filled geometrical shapes. Furthermore, the inside of the region matters, because trees 'filled' with a non-tree object, leaving the tree margins intact, were spontaneously categorized as non-trees. The wide variety of shapes of correctly classified trees suggests that the shape of the closed region can be highly variable, as long as its borders are not straight.
However, closer examination of the performance of each of the subjects suggests that the categorization was not simply based on this higher-order texture-filled region cue. Indeed, for Plato there was some stimulus control of images not containing this region, i.e. the trunk-only and uniform texture-filled images. Kees categorized flower images, stimuli that also have a region filled with a texture, as nontrees, suggesting some control by the global shape, which is in agreement with the strong effect of the scrambling operation in this animal. Also, the correct categorization of trees lacking leaves and the types of tree images erroneously categorized by the subjects (Fig. 10) argues against the categorization being merely based on this higher-order cue. Thus, it is not clear which feature combinations were used by these monkeys to categorize the images as tree or nontree. The same holds for the fish categorization, although the results of the probe tests suggest that form features have stimulus control in the case of the fish.
It should be noted that the contribution of different features to the categorization behaviour differed between animals, e.g. texture had stronger stimulus control in Plato than in Kees, while the inverse was true for form features.
Categorization studies
In the present as well as other studies on animal categorization (Schrier et al., 1984; Yoshikubo, 1985; Schrier & Brady, 1987; D'Amato & Van Sant, 1988; Roberts & Mazmanian, 1988; Jitsumori, 1994; Fabre-Thorpe et al., 1998) , the experimenter defined the category: the animal must learn to classify images according to a predefined class. This approach differs from the one adopted by Sands et al. (1982) , who attempted to measure how monkeys spontaneously categorize images of a variety of natural objects. In that study, the animals were trained in a same-different task, and then a multidimensional scaling technique was used to determine the dimensions which controlled the same-different classification. Although it was found that the monkeys' similarity judgements were based on dimensions similar to those of humans, these results should be interpreted with caution. Indeed, because the animals were rewarded to make 'same' responses to physically identical images and 'different' responses to different images, even to those that belong to the same category, one teaches the monkey an exemplar discrimination instead of a category discrimination. The training in the same-different task will induce a strong tendency to respond to the physical identity of the images, narrowing generalization gradients, so that the training itself will affect the similarity judgements.
Prototype versus exemplar learning
In the human categorization literature, two main theories have been formulated (see Komatsu, 1992) on the nature of categorization. Prototype-based theories stress the abstraction of a central tendency of the exemplars, i.e. a prototype, during learning, and categorization is based on a comparison of the exemplar to the stored prototype. Alternatively, according to exemplar-based theories, categorization is accomplished by comparing the exemplars to a stored set of learned exemplars. The rapid categorization of the tree stimuli in the present experiments suggests that information of different exemplars was integrated. However, this does not necessarily imply that the animals based their decision on a single 'prototype'. Instead, the monkeys may have abstracted the information of different but similar exemplars into several subprototypes, each subprototype consisting of a particular combination of features. Categorization is then based on the comparison of the stimulus to each of these learned subprototypes or different feature combinations. This 'multiple prototype' model can be viewed as a hybrid of the prototype and exemplar-based models (see Komatsu, 1992) . The use of more than one feature combination
